Introduction
Fetal alcohol spectrum disorders (FASD) (Sokol et al. 2003 ) is a term which refers to a range of structural and functional birth defects caused by prenatal exposure to ethanol (Kodituwakku 2007) . Studies have shown that excessive cell death in the selective cell population is one of the major mechanisms underlying ethanol-induced teratogenesis (Dunty et al. 2001; Naseer et al. 2014) . Among these ethanol-sensitive cell populations are neural crest cells (NCCs), which are progenitor cells that can give rise to various cell types, such as multiple skeletal cells, neurons, glial cells, and mesenchymal cells (Delfino-Machin et al. 2007; Hall 2008) . It has been demonstrated that ethanol exposure resulted in apoptosis in NCCs (Sulik et al. 1988; Sun et al. 2014) and that ethanol-induced apoptosis in NCCs contributes greatly to subsequent abnormalities that are phenotypic characteristics of FASD (Cartwright and Smith 1995; Kotch and Sulik 1992) .
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Multiple signaling pathways have been demonstrated to be involved in ethanol-induced apoptosis, including Bcl-2 family (Hong et al. 2002) , Fas/Fas-L and p53 pathways (Jana et al. 2010) , caspases (Han et al. 2005; Zhou et al. 2001) , and MAPK signaling system (Morio et al. 2013 ). However, the molecular mechanisms underlying ethanolinduced apoptosis in embryonic cells have not been clearly elucidated. Recent studies in our laboratory have demonstrated that Seven in absentia homolog 1 (Siah1) is involved in ethanol-induced apoptosis (Sun et al. 2014) .
Siah1, which is a mammalian homologue of Drosophila Sina (Carthew and Rubin 1990) , belongs to the family of E3 ubiquitin ligases. Siah1 regulates the ubiquitination and degradation of a number of important substrates, including Kid (Germani et al. 2000) , T-STAR (Venables et al. 2004) , and HIPK2 (Kim et al. 2009b ). Recent studies have also shown that β-catenin, a key component of Wnt/β-catenin, can be degraded by Siah1-dependent ubiquitin proteasomal pathway (Leung et al. 2014; Yoshibayashi et al. 2007 ). Siah1 plays a prominent role in a variety of biological processes, including transcriptional control, mitosis, cell transformation, cell proliferation, cell migration, and apoptosis (Germani et al. 2000; Kim et al. 2009b; Tanaka and Iino 2014; Venables et al. 2004; Xie et al. 2009 ). Our recent studies have also shown that Siah1 can be up-regulated by ethanol in NCCs and that knock-down of Siah1 by siRNA attenuated ethanol-induced apoptosis (Sun et al. 2014) . However, the mechanisms by which Siah1 mediates ethanol-induced apoptosis in NCCs are not clearly understood.
It is well known that p38 MAPK is involved in the regulation of p53 in the apoptosis induced by UV (Chouinard et al. 2002) and other chemical reagents (Kwon et al. 2002; Lamy et al. 2011) . In addition, the nuclear translocation of p53 can also be regulated by p38 MAPK pathway (Karunakaran et al. 2008) . It has also been demonstrated that p38 MAPK directly phosphorylates p53 at the serine 15 and activates p53 (Chouinard et al. 2002; She et al. 2000) . Studies have also shown that p38 MAPK pathway can be activated by ethanol treatment (Ku et al. 2007; Lee and Shukla 2007) , and that a long-term exposure to a low concentration of ethanol up-regulated the phosphorylation of p38 MAPK in rats (Tian et al. 2014) .
In the present study, an in vitro model of NCCs, JoMa1.3 cells was used to elucidate the mechanisms by which Siah1 mediates ethanol-induced apoptosis in NCCs. We found that the up-regulation of Siah1 by ethanol increased p38 MAPK phosphorylation. Ethanol-induced up-regulation of Siah1 also increased p53 stability and its phosphorylation in NCCs through the activation of p38 MAPK. We have also found that down-regulation of Siah1 significantly reduced ethanol-induced increases in the expression of p53 downstream targets and diminished ethanol-induced apoptosis in NCCs. These results demonstrate that the up-regulation of Siah1 by ethanol can trigger apoptosis through p38 MAPK-mediated activation of the p53 signaling pathway.
Materials and methods

Cell culture and ethanol treatment
NCCs (JoMa1.3 cells) were cultured as described previously (Chen et al. 2013a; Maurer et al. 2007) . Briefly, cells were grown on cell culture dishes coated with fibronectin and maintained in Dulbecco's modified Eagle's medium (DMEM): Ham's F12 (1:1) at 37 °C in 5 % CO 2 /95 % air. For ethanol treatment, NCCs were treated with 100 mM ethanol for 24 h. The stable ethanol levels were maintained by placing the cell culture plates in a plastic desiccator containing 100 mM ethanol in distilled water (Yan et al. 2010) .
siRNA transfection
siRNA transfection was performed as described previously (Sun et al. 2014 
Western blotting
Western blotting was performed as described previously (Chen et al. 2013b; Sun et al. 2014) . Proteins were probed with the following antibodies: Siah1 rabbit pAb (Abcam, Cambridge, MA, USA), Phospho-p53 (Ser15) rabbit pAb (Cell Signaling, Beverly, MA, USA), p53 mouse mAb (Abcam, Cambridge, MA, USA), β-Actin mouse mAb (Santa Cruz, SantaCruz, CA, USA), Phospho-p38 MAPK (Thr180/Tyr182) rabbit mAb (Cell Signaling, Beverly, MA, USA), p38 MAPK rabbit pAb (Cell Signaling, Beverly, MA, USA), Phospho-MAPKAPK-2 (Thr222) antibody (Cell Signaling, Beverly, MA, USA), MAPKAPK-2 antibody (Cell Signaling, Beverly, MA, USA), PUMA rabbit pAb (Abcam, Cambridge, MA, USA), Bak rabbit pAb (Cell Signaling, Beverly, MA, USA), and Cleaved Caspase-3 (Asp175) rabbit pAb (Cell Signaling, Beverly, MA, USA). The membranes were developed on a Kodak X-OMAT 2000A imaging system (Kodak, Rochester, NY, USA). The intensity of the protein band was analyzed by ImageJ software (1.46b, National Institutes of Health, USA). All Western blot analyses were performed in triplicate.
Immunofluorescence analysis
Immunofluorescence analysis was performed as described previously (Sun et al. 2014) . Cells grown on coverslips were fixed, permeabilized and blocked as described previously. Then, the cells were incubated with 1:250 dilutions of the following primary antibodies: Siah1 goat pAb (Santa Cruz, SantaCruz, CA, USA), PUMA rabbit pAb (Abcam, Cambridge, MA, USA), and Bak rabbit pAb (Santa Cruz, SantaCruz, CA, USA). After washing with PBST three times, the cells were then incubated with 1:250 dilution of two secondary antibodies conjugated to different fluorochromes: donkey anti-goat IgG H&L (Alexa Fluor ® 647) and goat anti-rabbit IgG H&L (Alexa Fluor ® 488) (Abcam, Cambridge, MA, USA). The cells were washed well with PBST and then counterstained with 0.2 µg/µl DAPI for 1 min and examined by a confocal laser microscope (Nikon A1 laser scanning confocal microscope).
Analysis of apoptosis
Apoptosis was determined by the analysis of caspase-3 cleavage and activity as well as the TUNEL assay. Caspase-3 cleavage was determined by Western blot as described previously (Chen et al. 2013a; Dong et al. 2008 ). Caspase-3 activity was determined by using Caspase-Glo ® 3/7 Assay Systems (Promega, Madison, WI, USA). TUNEL assay was performed by using a TiterTACS In Situ Detection Kit (Trevigen, City, MD, USA), following the manufacturer's protocol.
Statistical analysis
Statistical analyses were performed as described previously (Chen et al. 2013b ) using GraphPad Prism software (GraphPad Software, San Diego, CA, USA). All data were expressed as mean ± SEM of three separate experiments. One-way ANOVA was used to compare the difference between groups, and multiple comparison posttests were conducted by using Bonferroni's test. Differences between groups were considered significant at p < 0.05.
Results
Up-regulation of Siah1 by ethanol resulted in increases in p53 stability and its phosphorylation in NCCs treated with ethanol
The p53 is a well-known protein involved in the induction of apoptosis (Kojima et al. 2005; Shao et al. 2000) . To determine whether Siah1 mediates ethanol-induced apoptosis in NCCs through the activation of the p53 signaling pathway, we first determined whether ethanol exposure can increase p53 stability and its phosphorylation in NCCs. As shown in Fig. 1 ethanol for 24 h significantly increased protein expression of Siah1, confirming our previous studies (Sun et al. 2014 ). Exposure to ethanol also resulted in a significant increase in p53 protein level in NCCs. In addition, ethanol treatment dramatically increased the phosphorylation of p53 at serine 15, indicating that ethanol exposure can activate p53 pathway in NCCs. To determine whether ethanolmediated up-regulation of Siah1 is involved in p53 stability and phosphorylation in NCCs, cells transfected with control or Siah1-siRNA were exposed to ethanol. We found that knock-down of Siah1 remarkably decreased ethanolinduced increases in p53 stability and its phosphorylation at serine 15 in NCCs, demonstrating that increases in p53 protein stability and phosphorylation in ethanol-exposed NCCs are mediated by the up-regulation of Siah1.
Up-regulation of Siah1 resulted in the activation of p38 MAPK in ethanol-exposed NCCs
The p38 MAPK pathway has been implicated in apoptosis induced by many stimuli, including ethanol (Ku et al. 2007; Lee and Shukla 2007) . To determine whether ethanol exposure can result in the activation of p38 MAPK in NCCs, NCCs were treated with 100 mM ethanol for 24 h. As shown in Fig. 2 , Western blot analysis revealed a significant increase in the phosphorylation of p38 MAPK in NCCs exposed to ethanol, indicating that treatment with ethanol can significantly activate the p38 MAPK pathway in NCCs. We next determined whether ethanol-induced activation of p38 MAPK in NCCs was mediated by the up-regulation of Siah1. For this study, NCCs transfected with control or Siah1-siRNA were treated with ethanol. We found that knock-down of Siah1 by siRNA dramatically reduced the ethanol-induced increase in the phosphorylation of p38 MAPK, indicating that activation of p38 MAPK in ethanol-exposed NCCs is mediated, at least in part, by the up-regulation of Siah1 (Fig. 2) .
Activation of p38 MAPK is involved in ethanol-induced Siah1-mediated activation of p53 pathway in NCCs
It is well known that p53 is one of the most important down-stream targets of p38 MAPK, and that the phosphorylation of p53 and its activity are regulated by p38 MAPK pathway (Sanchez-Prieto et al. 2000) . To determine whether ethanol-induced Siah1-mediated p53 pathway activation is mediated by ethanol-induced activation of p38 MAPK, NCCs were transfected with control or p38-siRNA or treated with SB203580, a widely used p38 MAPK inhibitor (Elenitoba-Johnson et al. 2003; Sarkar et al. 2002) . As shown in Fig. 3a , knock-down of p38 MAPK by siRNA significantly diminished ethanol-induced increases in the protein expression and the phosphorylation of p53, indicating that p38 activation is involved in ethanol-induced Siah1-mediated p53 activation in NCCs. This was supported by the fact that p38 MAPK inhibitor, SB203580, which can block the activation of MAPKAPK-2 by inhibiting p38 MAPK activity (Cuenda et al. 1995; Kumar et al. 1999) , can also attenuate ethanol-induced p53 stability and phosphorylation (Fig. 3b) . 
Ethanol-induced up-regulation of Siah1 can induce transcriptional activity of p53 and increase the expression of pro-apoptotic protein PUMA and Bak
The p53 can act as a transcription factor for many proapoptotic genes, including p53-upregulated modulator of apoptosis (PUMA) (Nakano and Vousden 2001; Yu et al. 2003) , which can activate Bak and induce apoptosis (Adlakha and Saini 2013; Dai et al. 2014; Kim et al. 2009a; Ren et al. 2010) . To test whether Siah1 mediates ethanolinduced apoptosis in NCCs by activating the p53 pathway, we examined whether ethanol-induced up-regulation of Fig. 3 Activation of p38 MAPK is involved in ethanolinduced Siah1-mediated activation of p53 pathway in NCCs. A. NCCs transfected with control siRNA or p38-siRNA were treated with 100 mM ethanol for 24 h. The expression of total p38, total p53, and phosphorylated p53 at serine 15 was determined by western blot. B. NCCs were pretreated with or without 10 µM p38 inhibitor, SB203580, for 1 h followed by the exposure to 100 mM ethanol for 24 h. The expression of phospho-MAPKAPK-2, total MAPKAPK-2, total p53, and phosphorylated p53 was determined by western blot. Data are expressed as fold change over control and represent the mean ± SEM of three separate experiments. *p < 0.05 versus control; # p < 0.05 versus ethanol Siah1 can induce transcriptional activity of p53 by analyzing the expression of the p53 downstream pro-apoptotic protein, PUMA and Bak. We found that ethanol treatment resulted in a significant increase in the protein expression of PUMA and Bak, which can be attenuated by knockdown of Siah1 by siRNA (Fig. 4a) . These results were further confirmed by the results from immunofluorescence analysis, which have shown that ethanol exposure significant increased the expression of Siah1, PUMA and Bak in NCCs, and that knock-down of Siah1 by siRNA significantly reduced the ethanol-induced increase in the expression of PUMA and Bak (Fig. 4b) .
Ethanol-induced up-regulation of Siah1 can trigger apoptosis in ethanol-exposed NCCs
To determine whether ethanol-induced up-regulation of Siah1 can trigger apoptosis in NCCs, ethanol-induced apoptosis in NCCs was determined by the analysis of caspase-3 cleavage and activity as well as the TUNEL assay. As shown in Fig. 5 , ethanol treatment resulted in significant increases in caspase-3 cleavage and activity. Knock-down of Siah1 by siRNA greatly diminished ethanol-induced increases in the cleavage and activity of caspase-3 (Fig. 5a, b) , indicating that ethanol-induced Siah1-mediated p53 activation contributes to ethanolinduced apoptosis in NCCs. This result was further confirmed by the analysis of apoptosis using TUNEL assay. As shown in Fig. 5c , ethanol-induced apoptosis was significantly diminished by Siah1-siRNA.
Activation of p38 MAPK is directly involved in the ethanol-induced Siah1-mediated apoptosis
To further confirm that activation of p38 MAPK is directly involved in the ethanol-induced Siah1-mediated apoptosis, ethanol-induced apoptosis were determined by the analysis of caspase-3 cleavage and activity as well as the TUNEL assay in NCCs transfected with control or p38-siRNA. As shown in Fig. 6 , knock-down of p38 MAPK by siRNA greatly diminished ethanol-induced increases in the cleavage and activity of caspase-3 (Fig. 6a, b) . TUNEL assay also confirmed that down-regulation of p38 MAPK significantly reduced the ethanol-induced apoptosis in NCCs (Fig. 6c) , indicating that the ethanol-induced activation of p38 MAPK is directly involved in ethanol-induced Siah1-mediated apoptosis.
Discussion
Siah1 is a member of the family of E3 ubiquitin ligases that has been implicated in a variety of biological processes, including apoptosis. Our previous studies have shown that Siah1 can be up-regulated by ethanol in NCCs and that knock-down of Siah1 by siRNA can attenuate ethanol-induced apoptosis, indicating that Siah1 is involved in ethanol-induced apoptosis in NCCs (Sun et al. 2014) . While it has been demonstrated by other investigators that Siah1 can promote apoptosis through different mechanisms, including JNK pathway (Wen et al. 2010b ; Xu et al. 2006), beta-catenin signaling pathway (Yoshibayashi et al. 2007) , and Bim (Wen et al. 2010a) , the mechanisms by which Siah1 mediates ethanol-induced apoptosis in NCCs are not clearly understood. In this study, we found that the up-regulation of Siah1 by ethanol exposure resulted in the increases in p53 stability and its phosphorylation, and the activation of p38 MAPK in NCCs treated with ethanol. We also found that ethanol-induced Siah1-mediated activation of p53 pathway is mediated by the activation of p38 MAPK in NCCs. In addition, ethanol-induced up-regulation of Siah1 can induce transcriptional activity of p53 and trigger apoptosis in ethanol-exposed NCCs. It is well known that p53 protein is a powerful transcription factor that broadly regulates the expression of specific genes involved in apoptosis (Kho et al. 2004; Schuler and Green 2005) . Recent studies have shown that knock-down of Siah1 inhibited p53 phosphorylation and reduced Bax protein levels in cells exposed to high glucose (Yego and Mohr 2010) . In this study, we found that knock-down of Siah1 remarkably decreased ethanol-induced increases in p53 stability and its phosphorylation at serine 15 in NCCs, demonstrating that increases in p53 protein stability and phosphorylation in ethanol-exposed NCCs is mediated by the up-regulation of Siah1. It is noteworthy that previous studies have shown that Siah1 is a downstream effector of p53 and that the expression of Siah1 can be induced by over-expression of p53 (Amson et al. 1996; Liu et al. 2001; Relaix et al. 2000) , suggesting that Siah1 and p53 may regulate via a positive feedback mechanism to promote apoptosis in ethanol-exposed NCCs.
The p38 MAPK pathway has been implicated in apoptosis induced by many stimuli through the regulation of p53 and its downstream effectors, eventually leading to apoptosis (Gao et al. 2014; Zheng et al. 2005) . Studies have shown that p38 MAPK pathway can be activated by ethanol treatment (Ku et al. 2007; Lee and Shukla 2007) . However, the mechanism by which ethanol activates p38 MAPK is not clearly understood. In this study, we have demonstrated that ethanol exposure induced the activation of p38 MAPK in NCCs and that knock-down of Siah1 by siRNA dramatically reduced the ethanol-induced increase in the phosphorylation of p38 MAPK, indicating that activation of p38 MAPK in ethanol-exposed NCCs is mediated, at least in part, by the up-regulation of Siah1.
It is clear that posttranslational modification of p53 plays an important role in its stabilization and activation. Studies have shown that the phosphorylation of p53 at its serine 15 and 37 interferes with the interaction between (Shieh et al. 1997) . p53 is considered to be one of the most important down-stream targets of p38 MAPK. It has been found that activation of p38 MAPK is sufficient to promote p53 function and that inhibition of p38 MAPK prevented the induction of the transcriptional activity of p53 (SanchezPrieto et al. 2000) . In the present study, we found that knock-down of p38 MAPK by either siRNA or its inhibitor significantly decreased ethanol-induced accumulation and phosphorylation of p53, suggesting that p38 activation is essential for ethanol-induced Siah1-mediated p53 activation in NCCs.
p53 is involved in the induction of various types of apoptosis by acting as a transcription factor for many pro-apoptotic genes, including PUMA (Fridman and Lowe 2003) . PUMA is one of the most potent killers among the Bcl-2 family members and is considered to account for virtually all of the pro-apoptotic activity of p53 (Jeffers et al. 2003; Yu and Zhang 2008) . Studies have shown that chronic ethanol feeding in rats resulted in p53 activation and increases in oxidative stress and PUMA expression, leading to apoptosis in the liver (Derdak et al. 2011) . In this study, we found that ethanol exposure resulted in significant increases in the protein expression and phosphorylation of p53, accumulation of PUMA, the activation of caspase-3 and apoptosis in NCCs, which can be significantly diminished by down-regulation of Siah1, indicating that up-regulation of Siah1 in ethanol-exposed NCCs can induce apoptosis by activation of p53 signaling pathways. Knock-down of p38 MAPK by siRNA also dramatically reduced the ethanol-induced apoptosis. These results demonstrate that the up-regulation of Siah1 by ethanol can trigger apoptosis through p38 MAPK-mediated activation of the p53 signaling pathway.
In conclusion, the present study confirmed that Siah1 is involved in ethanol-induced apoptosis in NCCs. We have also demonstrated that ethanol treatment resulted in a significant increase in the phosphorylation of p38 by upregulation of Siah1 and that p38 activation is essential for ethanol-induced Siah1-mediated p53 activation in NCCs. These results demonstrate that Siah1 plays a crucial role in ethanol-induced apoptosis in NCCs and that the up-regulation of Siah1 by ethanol can trigger apoptosis through p38 MAPK-mediated activation of the p53 signaling pathway. These findings elucidate the mechanisms by which Siah1 mediates ethanol-induced apoptosis in NCCs and may help to develop novel approaches to preventing FASD based on modulation of the Siah1-dependent apoptotic cascade. 
